Abstract. In the present study, we investigated the effects of fenofibrate on the invasive potential of DU-145 human prostate cancer cells in the context of gap junctional intercellular coupling and the formation of reactive oxygen species. Timelapse analyses of cell motility, accompanied by tests of cell viability, membrane microviscosity, reactive oxygen species accumulation and the function of gap junctional protein connexin 43 were performed in monolayer cultures of DU-145 cells following fenofibrate administration. Fenofibrate inhibited the motility of DU-145 cells and attenuated gap junctional intercellular coupling in a manner independent of its effects on cell viability, PPARα activation and cell membrane microviscosity. Instead, N-acetyl-L-cysteine, a scavenger of reactive oxygen species, restored cell motility and gap junctional coupling in fenofibrate-treated DU-145 cell populations. These data indicate that two parameters crucial for cancer cell metastatic potential, i.e. cell motility and gap junctional coupling, are inhibited by fenofibrate. Thus, fenofibrate affects prostate cancer cell invasion via an orchestrated action on versatile cancer cell properties determining this process. A novel mechanism of anti-invasive activity of fenofibrate, which depends on its interference with cell motility and the function of gap junctions regulated by reactive oxygen species, is suggested.
Introduction
Active cell migration determining the capability of cancer cells to transmigrate natural barriers such as the endothelial continua and basement membrane is a key factor during the formation of metastases (1) . However, the capability of cancer cells to penetrate vascular walls, a crucial stage of cancer invasion depending on cancer cell motility, is a function involving other cell properties, such as the expression of connexins and gap junctional intercellular coupling (GJIC). In particular, deregulation of GJIC facilitates early carcinogenesis and the formation of a local hyperplasia (2) (3) (4) (5) . In contrast, restoration of GJIC between cancer and normal cells is crucial for malignant cell dissemination (6) (7) (8) .
Thus, new pharmaceutical regiments aimed at reducing the metastatic activity of cancer cells should be developed which are based on substances affecting both cell motility and the function of connexins. Compounds of the fibrate family have originally been described as effective vasoactive and cholesterol-lowering drugs. Among them, fenofibrate is commonly used in the prevention of arteriosclerosis as a lipid-lowering drug (9) . It is of interest that fibrates in general exert a wide range of anti-cancer properties (10) (11) (12) (13) (14) . In particular, fenofibrate was shown to interfere with the growth and survival of different cancer cell types in a manner dependent on the activation of peroxisome-proliferator activated receptor-α (PPARα) (14) (15) (16) .
The PPARα-dependent signaling pathway is regarded as a 'canonical' system which determines the effect of fenofibrate on cancer cell proliferation (13, 17) . Moreover, the PPARα-dependent inhibitory effect of fenofibrate on cancer cell motility has been previously demonstrated (18) . However, a PPARα-independent effect of fenofibrate on cell membrane rigidity was noted (19) , while both its PPARα-dependent (10, 20) and PPARα-independent (21) effects on the accumulation of reactive oxygen species (ROS) were observed. Thus, the question arises concerning the possible involvement of ROS-dependent mechanisms of fenofibrate on cell properties which determine cancer progression, such as cell motility and GJIC.
'Contact-stimulated' cancer cell motility has long been regarded as a factor facilitating cancer cell invasion in general, and prostate cancer invasion in particular (22) . The function of connexins and gap junctions in this process was recognized only recently (8, 23) , but the influence of fenofibrate on cancer progression has not yet been discussed in the context of GJIC. However, the inhibitory effect of factors increasing ROS activity on the motility and function of gap junctions has been demonstrated (24) . In the present study, we investigated the influence of fenofibrate on basic cellular parameters involved in prostate cancer invasion, such as cancer cell motility and gap junctional communication.
Materials and methods
Cell cultures. Human prostate carcinoma DU-145 cells were cultivated in DMEM-F12 HAM (Sigma, St. Louis, MO) medium supplemented with 10% FbS and antibiotics. For the endpoint tests, DU-145 cells were detached from the substratum with 0.25% trypsin in PbS and seeded in the culture wells at a density of 900 cells/mm 2 . when indicated, basic medium was supplemented with fenofibrate, Gw9662, and N-acetyl-L-cysteine (NAC; all from Sigma) at the concentration(s) indicated in the text.
Analyses of DU-145 cell motility and viability. DU-145 cell motility was time-lapse recorded at a density of 900 cells/mm 2 for 7 h. The tracks of individual cells were determined from a series of changes in the cell centroid positions. The data were pooled and analyzed to elucidate basic cell motility parameters such as i) the total length of cell displacement (TLCD; µm) and ii) the average velocity of cell movement (AVCM; µm/h) (22, 25) . Cell trajectories from no less than three independent experiments (number of cells >50) were obtained for analysis by the non-parametric Mann-whitney test. Independently, tests were performed at a cell density of 300 cells/mm 2 to elucidate the basic parameters of DU-145 cell morphology in the presence of various concentrations of fenofibrate. The length of cell periphery and the dispersion (defined as the minimum extension which is a measure of how much the cell shape differs from a circle) was analyzed (26, 27) . To determine the effect of fenofibrate on cell viability, DU-145 cells incubated with different concentrations of fenofibrate at indicated times, were harvested, and the number of viable cells was determined by the fluorescence diacetate/ethidium bromide test.
Fluorescence anisotropy analyses. Membrane fractions of DU-145 cells cultured at a density of 900 cells/mm 2 in the medium supplemented with 100 µM fenofibrate, 100 µM cholesterol (positive control) and 5 mM benzyl alcohol (negative control) for 2 h were harvested according to the established protocol (28) . Fluorescence intensities were measured using a Fluorolog FL3-12 (Jobin yvon) spectrofluorimeter equipped with a purpose designed polarizer at excitation and emission wavelengths of 350 and 426 nm, respectively. In order to obtain a stability of the signal, the analysis was carried out for 30 min at 30-sec time intervals (kinetics measurement). Mean values of the measured parameters are depicted as graphs.
FACS analyses of ROS generation by fenofibrate. DU-145 cells cultured at a density of 900 cells/mm 2 in DMEM-F12 HAM supplemented with 10% FbS for 24 h were treated with the medium containing 100 µM fenofibrate or 100 µM perhydrol (positive control) in the presence of fluorescence ROS indicator DHR 123 (dihydorhodamine 123; 1:500, Sigma) for 4 h. Measurements of DHR 123 fluorescence intensity were carried out using a bD FACSCanto™ cytometer, and the data were analyzed using the winMDI 2.8 program (29) . A total of 10 5 cells was analyzed for each series.
Immunocytochemical, immunoblot and GJIC analyses. For the immunocytochemical analysis, the cells were fixed with methanol:acetone (7:3, -20˚C), labelled with rabbit anti-Cx43 IgG (Sigma), counterstained with Alexa 488-conjugated goat anti-rabbit IgG (Molecular Probes) and 0.5 µg/ml bis-benzimide (Hoechst) and visualized using a Leica DM IRE2 microscope as presviously described (30) . similarly, immunoblot analysis was performed according to established protocols (31) . Extracts from brown adipose tissue and liver were used as a PPARα-positive control. The intensity of GJIC was semi-quantitatively measured using a Leica DM IRE2 time-lapse system with some modifications (31) . The results are expressed as a coupling ratio (c r ), i.e. the number of positive recipient (identified using ImageJ free-ware) cells per one donor cell, and a coupling index (c i ), defined as a percentage of coupled donor cells. At least 50 donor cells per Petri dish were analyzed in three independent experiments performed for each condition and analyzed using the Student's t-test.
Statistical analysis. Each parameter was calculated as the mean and standard error of the mean (SEM). The statistical significance was either determined by the Student's t-test with p<0.01 considered to indicate significant differences or, where indicated, by the non-parametric Mann-whitney test.
Results

Effect of fenofibrate on the morphology and motility of DU-145 cells.
Cancer cell morphology and motility is crucial for cancer invasion (1) . Analysis of the effect of fenofibrate on the morphology of DU-145 cells revealed the increased abundance of long and thin processes in the cells cultured with fenofibrate ( Fig. 1b -D compared to A). This effect was correlated with a dose-dependent inhibition of 'contactstimulated' DU-145 cell motility (Fig. 1F -H compared to E). For example, the value of the average velocity of cell movement (AVCM) decreased from 50.8 µm/h in the control conditions to 14.1 µm/h in the DU-145 populations treated with 100 µM fenofibrate ( Fig. 1I ; Table I ). However, the effect of fenofibrate on DU-145 cell morphology and motility observed over a broad range of fenofibrate concentrations (25-100 µM) did not affect DU-145 cell viability (Fig. 1J ). This observation excludes the explanation that the inhibition of DU-145 cell motility was a result of compromised cell viability.
Fenofibrate inhibits the motility of DU-145 cells in a PPARα-independent manner.
To elucidate the mechanisms involved in the inhibitory effect of fenofibrate on DU-145 cell motility, we investigated the role of PPARα receptors, plasma membrane fluidity (19) and ROS metabolism (10, 17) in this process. Cultivation of DU-145 cells in the presence of 10 µM Gw9662, which effectively inhibits both PPARγ and PPARα (32), did not restore the motility of DU-145 cells inhibited by fenofibrate ( Fig. 2A) . Thus, a PPAR-independent effect of fenofibrate on DU-145 cell motility is suggested. Furthermore, fluorescence anisotropy experiments revealed a lack of effect of fenofibrate on DU-145 cell membrane microviscosity (Fig. 2b) , indicating that fenofibrate inhibits DU-145 prostate cancer cell motility in a manner independent of the changes of DU-145 cell membrane properties. Instead, FACS analyses revealed increased levels of ROS in fenofibrate-treated DU-145 cells (Fig. 2C ). Since ROS activity affects cancer cell motility and GJIC in cell populations (24), we further concentrated on the role of ROS in the regulation of these parameters. (24) . Therefore, we further assessed the morphology (Fig. 3A-D) and motility (Fig. 3E-H ) of DU-145 cells cultivated in the presence of fenofibrate and NAC. Increased lengths of the cell periphery and values of cell shape dispersion noted upon fenofibrate treatment (Fig. 3b compared to A) were diminished Statistical significance for cells in fenofibrate vs. cells in pure medium at p<0.01, using the Mann-whitney test and student's t-test for cell migration and morphology, respectively.
**
Statistical significance for cells treated with fenofibrate and NAC vs. cells treated with fenofibrate at p<0.01, using the Mann-whitney test and the Student's t-test for cell migration and morphology, respectively. Scale bar, 40 µm.
in the presence of NAC (Fig. 3C compared to A; summarized in D). This effect was correlated with an NAC-induced reversal of the inhibitory effect of fenofibrate on DU-145 cell motility illustrated by quantitative analyses of cell translocations. For example, the average TLCD of the DU-145 cells decreased from 67.9 µm (Fig. 3E, control) to 27.2 µm in the presence of 100 µM fenofibrate (Fig. 3F ) but reached 49.0 µm in the presence of both fenofibrate and NAC ( Fig. 3G ; summarized in H and Table II ). These data indicate that fenofibrateinduced oxidative stress determines DU-145 cell invasive potential via the effect on their motility.
Effect of N-acetyl-L-cysteine on GJIC in fenofibrate-treated DU-145 cell populations.
Since GJIC is a factor contributing to cancer cell invasion (23) and gap junctional channels are targets of ROS (24), we further assessed the influence of fenofibrate on GJIC in DU-145 cell populations and the role of ROS in this process. Fluorochrome transfer analyses revealed relatively high levels of GJIC in the DU-145 cell populations (Fig. 4A ), which were attenuated by fenofibrate treatment (Fig. 4b) . Notably, NAC partially restored GJIC in fenofibratetreated populations as illustrated in Fig. 4C (compared to b) and quantitatively summarized in Fig. 4D and E as estimated for cell populations cultured in the presence of fenofibrate alone or fenofibrate and NAC. Cx43 is the principal connexin determining GJIC in DU-145 cell populations. No significant differences in Cx43 expression levels were observed between the control and fenofibrate-treated cells (Fig. 4F) . However, a decreased abundance of Cx43-positive plaques was noted in the fenofibrate-treated DU-145 cell populations (Fig. 4H ) when compared to the control variants (Fig. 4G) . Similarly, NAC treatment increased the number of such plaques in fenofibrate-treated DU-145 cell populations (Fig. 4I) . Thus, rOs may inhibit cancer progression via an effect on GJIC in cancer cell populations.
Discussion
Studies have suggested that fenofibrate influences cancer promotion and progression via the inhibitory effect on cell proliferation and the activation of apoptosis (14) (15) (16) . Fenofibrate was also shown to attenuate the invasive potential of cancer cells (18) . However, the involvement of fenofibrate in the regulation of prostate cancer cell properties crucial for their invasive potential, such as cell motility and the function of gap junctions, has not yet been studied. Here, we showed the effect of fenofibrate on the motility of human prostate DU-145 cells in the context of gap junctional coupling in prostate cancer cell populations.
Cell motility is a factor vital to the process of tumor invasion, and its 'contact-stimulated' variant may be particularly crucial for cancer cell dissemination (26, 27) . Time-lapse experiments revealed that fenofibrate inhibited 'contactstimulated' motility of DU-145 cells. An inhibitory effect of fenofibrate on the invasiveness of melanoma (12, 13) and glioblastoma cell migration (18) has previously been demonstrated. These experiments, however, did not address the problem of 'contact-stimulated' cell motility and, moreover, described PPARα-dependent cell responses to fenofibrate. Here, we showed for the first time that the inhibitory effect of fenofibrate on 'contact-stimulated' DU-145 cell motility is independent of PPARα activation.
Many PPAR ligands possess extra-receptor biological activities and fenofibrate is no exception (21) . For instance, fenofibrate increases cell membrane rigidity imitating the action of cholesterol (19) . Membrane microviscosity was also found to affect cell motility and the activity of cell membraneassociated growth factor receptors (33) . Thus, alternative signaling pathways may be involved in the regulation of cancer cell migration by fenofibrate. However, neither significant changes in cell membrane microviscosity following fenofibrate treatment nor the effect of fenofibrate on DU-145 cell viability was observed in this study. The latter remains in contrast to the effect of fenofibrate found in melanoma and medulloblastoma cells (13, 34) .
Instead, an increase in ROS accumulation in fenofibratetreated DU-145 cells was observed, a phenomenon previously suggested to modulate glioma cell motility in a manner dependent on the metabolic switch induced by PPARα activation (18) . Our findings revealing a partial restoration of fenofibrate-inhibited cell motility by NAC indicate that the inhibition of DU-145 cell motility relies on the effect(s) of fenofibrate on intracellular ROS levels. The mechanism of PPARα-independent ROS accumulation by fenofibrate in DU-145 cells is unknown but may depend on physicochemical properties of fibrates. They allowed them to interact with various hydrophobic components of the mitochondrial electron respiratory chain leading to its disruption at the level of NADH cytochrome c reductase (11) and increased oxidative stress. Notably, the application of NAC restored both fenofibrate-inhibited DU-145 cell motility and GJIC in DU-145 cell populations.
Fibrates in general and fenofibrate in particular, are primarily 'vasoactive agents', yet are subsequently proposed to affect carcinogenesis (35) . Our data broaden the spectrum of potential anti-cancer activities of fenofibrate, unrelated to those originally defined as primary targets, potentially resulting in new applications. In particular, we suggest that fenofibrate-induced ROS accumulation exerts an inhibitory effects on the function of Cx43 in DU-145 cell populations. A similar effect was previously demonstrated for normal HEk-293 cell populations, where GJIC inhibited by organotin compounds was partially restored by NAC (24) . High levels of connexin expression and GJIC often correlate with a single cancer cell invasive potential indicating that connexins (7, 22) and gap junctional coupling (8, 23) are crucial for cancer progression. we suggest the existence of a common system which regulates cancer cell motility and gap junctional coupling in prostate cancer cell populations. It is involved in cancer progression (36, 37) and partially depends on reactive oxygen species. The interference of fenofibrate with this system sheds new light on possible fenofibrate applications in cancer prevention and prophylactics.
